Progressive oxygenation of the Earth's early biosphere is thought to have resulted in increased sulphide oxidation during continental weathering, leading to a corresponding increase in marine sulphate concentration 1 . Accurate reconstruction of marine sulphate reservoir size is therefore important for interpreting the oxygenation history of early Earth environments. Few data, however, specifically constrain how sulphate concentrations may have changed during the Proterozoic era (2.5-0.54 Gyr ago). Prior to 2.2 Gyr ago, when oxygen began to accumulate in the Earth's atmosphere 2, 3 , sulphate concentrations are inferred to have been <1 mM and possibly <200 mM, on the basis of limited isotopic variability preserved in sedimentary sulphides 4 and experimental data showing suppressed isotopic fractionation at extremely low sulphate concentrations 1, 5 . By 0.8 Gyr ago, oxygen and thus sulphate levels may have risen significantly 6, 7 . Here we report large stratigraphic variations in the sulphur isotope composition of marine carbonate-associated sulphate, and use a rate-dependent model for sulphur isotope change that allows us to track changes in marine sulphate concentrations throughout the Proterozoic. Our calculations indicate sulphate levels between 1.5 and 4.5 mM, or 5-15 per cent of modern values, for more than 1 Gyr after initial oxygenation of the Earth's biosphere. Persistence of low oceanic sulphate demonstrates the protracted nature of Earth's oxygenation. It links biospheric evolution to temporal patterns in the depositional behaviour of marine iron-and sulphur-bearing minerals 4 , biological cycling of redox-sensitive elements 6 and availability of trace metals essential to eukaryotic development 8 . To understand Proterozoic biospheric oxygenation better, we have modified an existing model for C isotope variability 9 to estimate marine sulphate reservoir size using rates of S isotope variation. These rates are recorded stratigraphically as variation in the S isotope composition of evaporitic gypsum and carbonateassociated sulphate (CAS). Because CAS is routinely trapped in marine carbonates 10 and, in organic-poor sediments, is isotopically buffered against appreciable diagenetic overprints 11 , it can record the d 34 S signal of marine sea water even when gypsum is lacking. Furthermore, CAS is a more direct proxy for marine sea water than sedimentary pyrite, the isotopic composition of which is complicated by local reservoir effects and varying fractionations during bacterial sulphate reduction (BSR) 12 . In our model, the isotopic composition of marine sulphate changes in response to imbalances in isotopic fluxes into and out of a non-steady state system (see Methods). In the modern ocean, sulphate concentrations of 28.4 mM effectively buffer the isotopic system from changing at rates exceeding 0.5‰ per Myr, despite large fractionations associated with the modern bacterial sulphur cycle (Fig. 1) . Long-term variation in the isotopic composition of Figure 1 Sensitivity of the marine sulphate system to reservoir size. At average fractionations observed within the modern bacterial sulphur cycle (DS ¼ 35‰), modern reservoir sizes effectively buffer the marine system from the large S isotope shifts that characterize Proterozoic stratigraphic sections, even at moderate to high degrees of pyrite burial (f py ¼ 0.2-0.6).
letters to nature marine sulphate from the late Palaeozoic to recent 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] . Samples for CAS analysis were collected from measured stratigraphic sections of the 1.3-Gyr-old Dismal Lakes Group and 1.2-Gyr-old Society Cliffs Formation, Arctic Canada, and extracted via standard methods of acid dissolution and precipitation of CAS as barium sulphate 11, 16 . Both units reveal large, systematic shifts in d 34 S of up to 12‰ over 300 m in the Society Cliffs and up to 15‰ over 200 m in the Dismal Lakes Group (Fig. 2 , and Supplementary Information). Similar patterns of rapid isotopic change are unknown from late Palaeozoic and younger successions but are recorded in both sulphate and sulphide isotopic data from numerous other Proterozoic successions [16] [17] [18] [19] [20] , suggesting that rapid S isotope change is a common, if not universal, feature of Proterozoic oceans. Furthermore, in the Society Cliffs Formation, CAS data show isotopic trends that mimic (with ,3-5‰ offset) that of interbedded gypsum, the marine origin of which is constrained by Sr isotope and trace element data 21 . Although the cause is unknown, the isotopic offset is small compared to the magnitude of observed shifts, and the consistency of isotopic trends in gypsum and CAS offers unprecedented corroboration that CAS accurately records changes in marine S isotope composition.
Pb In terms of our model, these values yield sulphate concentrations of 2.7-4.5 mM for the Society Cliffs Formation and 1.5-2.4 mM for the Dismal Lakes Group, with higher deposition rates resulting in lower sulphate concentrations. Sulphate concentrations of 1.5-4.5 mM, or ,5-15% of modern concentrations, are therefore considered to represent maximum marine sulphate concentrations for the Mesoproterozoic, and are consistent with hypotheses that low-oxygen conditions persisted at least into the Mesoproterozoic 4, 8, 24 . More importantly, our model provides a mechanism for exploring the long-term dynamics of biospheric oxygenation (Fig. 3 , Table 1 ). CAS data from pericratonal, shallow-water carbonates of the 1.7-Gyr-old McNamara Group, Australia, show little systematic pattern of isotopic change, although data reveal several stratigraphic shifts of up to 10‰ over intervals of 50 m (ref. 19 , and Supplemetary Information). These shifts suggest maximum marine sulphate concentrations between 0.5 and 0.9 mM. Because S isotope compositions would have been extraordinarily sensitive to even minor variation in fluxes at these low concentrations, data scatter probably represents local overprinting of global isotopic signals. Despite limitations of these data, our model results are consistent with sulphate concentrations of 0.5-2.0 mM estimated from Fe-S-P fluxbased models constructed to explain the persistence of 34 S-enriched sulphides at this time 25 . Combined, CAS and Fe-S-P models suggest that increased biospheric oxygen at 2.2 Gyr ago need not have raised oceanic sulphate concentrations appreciably beyond levels estimated for much of the Archaean.
CAS data from the 1.45-Gyr-old Helena Formation, Belt Supergroup, Montana, show stratigraphic changes in S isotope compo- Figure 2 Isotopic composition of CAS from Mesoproterozoic strata. a, CAS data from the 1.2-Gyr-old Society Cliffs Formation are similar to S-isotope data from penecontemporaneous gypsum 21 and show correspondingly large stratigraphic shifts in S-isotope composition. b, CAS data from the 1.3-Gyr-old Dismal Lakes Group reveals similarly large isotopic shifts, with strong discontinuity apparent only at a major subaerial exposure surface (dotted line). All S isotope compositions are expressed in standard delta notation as per mil (‰) deviations from VCDT, with analytical error of ,0.01‰, calculated from replicate analyses of laboratory standards. See Supplementary Information for tabulated data.
letters 16 . Together, these data suggest that marine sulphate concentrations probably remained low, ,35% of modern values, for nearly the entire Proterozoic. A significant rise in biospheric oxygen, and thus oceanic sulphate, may not have occurred until the latest Neoproterozoic (0.54 Gyr), just before the Cambrian explosion, when sulphate levels may have reached 20.5 mM, or 75% of presentday levels 26 . Figure 3 Proterozoic marine sulphate concentrations. Filled ovals mark data from this study; open ovals mark data referred to in the text 4, 16, 19, 20 . Marine sulphate concentrations probably remained below 2 mM until about 1.3 Gyr ago, rose to ,4.5 mM by 1.2 Gyr ago, and possibly as high as 7-10 mM by the mid-Neoproterozoic, although near-complete reduction of oceanic sulphate may have occurred during Neoproterozoic glacial intervals (arrow) 16 . Increased sulphate concentrations coincide with changes in marine d 13 C associated with biospheric oxygenation and are marked by the appearance of bedded gypsum (asterisks) in the late Mesoproterozoic and more frequent gypsum deposition in the Neoproterozoic. Increases in oceanic sulphate in both the mid-Mesoproterozoic and Neoproterozoic are temporally consistent with abrupt changes in the C isotope record (Fig. 3) and inferred increases in biospheric oxygenation 3, 21, 27 , and are reflected in the geologic history of marine gypsum deposition. In the presence of available Ca, late Mesoproterozoic sulphate concentrations of 2.7-4.5 mM would require .95% reduction in water volume in order to reach gypsum saturation. If, at this time, Ca availability was limited by excess precipitation of calcium carbonate resulting from elevated carbonate saturation 28 , an even greater degree of evaporation would be required to reach gypsum saturation. In either case, estimated sulphate concentrations are consistent with rare bedded gypsum in the late Mesoproterozoic and apparent deposition of halite before gypsum 21 . In comparison, lower sulphate concentrations before 1.3 Gyr ago would probably result in only isolated occurrences of gypsum, and more frequent gypsum deposition would not be expected to occur until the Neoproterozoic, when sulphate concentrations may have reached at least 25% of modern values.
Calculations presented here suggest that marine sulphate concentrations, and thus biospheric oxygen levels, though increasing, remained low through at least the Mesoproterozoic, and probably well into the Neoproterozoic. This interpretation is consistent with the possibility of long-term, anoxic deep-ocean conditions during the Proterozoic 4, 8, 24 . The data, however, do not specifically indicate the presence of sulphide in the water column. Sulphate concentrations as low as 1-2 mM may have persisted for nearly 1,000 Myr after initial biospheric oxygenation. Increasing sulphate concentrations within an oxygen-deficient deep ocean would have supported the development of widespread sulphidic (euxinic) bottom waters 4 . The ubiquity of sulphidic waters in turn may have affected the ecological and evolutionary development of eukaryotes via limitation of redox-sensitive bioessential nutrients 8 . In this light, further increases in atmospheric and thus oceanic oxygenation, as delineated by our estimates for seawater sulphate, are consistent with independent evidence for eukaryotic diversification in the late Mesoproterozoic and Neoproterozoic. Our model for rates of isotopic change in the marine sulphate reservoir thus provides a window into early Earth oxygenation, and establishes a framework for continued examination of Proterozoic biospheric evolution.
A 11, 13, 14 indicate that natural variation in the rates and isotopic composition of weathering and pyrite burial fluxes result in rates of isotopic change (dd sulphate /dt) that reflect only 3-14% of maximum possible rates of isotopic change (dd max /dt). Observed variation in Proterozoic isotopic records is therefore estimated to represent 10% of maximum values. See Supplementary Information for graphical representation of model sensitivities.
Methods
In this model, M o is most sensitive to changes in DS, wherein a 10% change in DS (,5‰) results in a 0.7 mM change in M o . In laboratory experiments, single-step, dissimilatory sulphate reduction can achieve fractionations up to 40-45‰, and disproportionation in the oxidative part of the bacterial sulphur cycle can produce fractionations . 45‰ (refs 1, 6 ). These high values, however, are rare in many natural systems 5 . Heavier values typically preserved in the geologic record reflect the integration of bacterial fractionation during progressive depletion of sulphate in sedimentary pore waters during BSR 5 . , which is consistent with available, though imperfect, radiometric and chemostratigraphic constraints, as well as with average deposition rates calculated for Palaeozoic carbonate platforms 23 . Although instantaneous rates of deposition were probably higher, shallow marine carbonate accumulation is typically limited by accommodation space, and stratal thicknesses reflect average subsidence through the duration of sediment accumulation. For epicratonic and pericratonic environments typical of carbonate deposition, much of this time is represented by unconformities that coincide with parasequence and sequence-scale stratigraphic boundaries. Fortunately, lateral tracing of depositional boundaries and the continuity of our preserved isotopic trends suggests that, with rare exceptions, individual unconformities are short in duration compared to the total time represented by the sediment package. Our conservative estimates therefore ensure that our calculations reflect maximum possible values for M o .
